Abstract. Diatom seasonal succession and interannual variability were studied using laminated sediments from Saanich Inlet, British Columbia, for the years 1900-1991. Frozen sediment cores allowed fine-scale sampling of laminae for each year. Thus, three 'seasons' for each year were identified based on species composition. Thalassiosira species were indicators of spring deposition. Skeletonema costatum was abundant in samples following Thalassiosira, probably deposited in late spring and summer. Rhizosolenia sp. was most abundant in fall/winter samples. Diatom stratigraphies were related to sea surface temperature, salinity, sea level and the Pacific North American Index (PNA) using canonical correspondence analysis (CCA). CCA showed that species of a particular season generally had optima for temperature and salinity characteristic of that time. Interannual changes in diatom species composition and abundance were most prevalent in the decades 1920-1940, with the exception of S.costatum which showed cyclic changes in abundance. Skeletonema was more abundant during periods of cool temperatures, while littoral diatoms were more abundant during times of heavy winter rains. Sea level was an important variable in CCA and while its relationship to diatoms is not clear, it may be related to variations in nutrient supply to diatoms in surface waters.
Introduction
The diatom fossil record is useful for exploring relationships among species composition, productivity and environment. Such relationships include the association of seasonal trends in phytoplankton with changes in weather (Tont, 1981; Reynolds, 1990) , and the interactions between large-scale oceanographic/climatic phenomena such as El Nino Southern Oscillation (ENSO) and coastal upwelling and interannual variations in phytoplankton (Schuette and Schrader, 1981; Reid et al., 1985) . However, seasonal records of diatom species composition and abundance are usually for periods of a few years (Sancetta, 1989a) to decades (Allen, 1936; Karentz and Smayda, 1984; Lange et al, 1992) , and studies on longer time scales rarely encompass changes at the seasonal level (Sancetta, 1989b) . Laminated sediments in which material is deposited in visible, seasonal layers are useful for bridging the gap between short-term seasonal studies and long-term records. In laminated sediments, each annual varve is composed of two seasonal layers, usually one lighter in color than the other, which are regularly produced by seasonal changes in production and environmental conditions (Simola et al, 1981) . Laminae are well preserved in areas with deep, sheltered basins and anoxic bottom waters which prevent the activity of benthic fauna from mixing various layers (Baumgartner et al, 1985; Sancetta, 1993) . Such sediments can be found in several places along the coast of North America (Soutar and Crill, 1977) , including Saanich Inlet, British Columbia. Marine sediments in coastal British Columbia are also rich in well-preserved diatom fossils (Roelfs, 1983) , making them ideal for paleoecological studies.
The diatom species composition in Saanich Inlet has been described for several years and comparisons of plankton to sedimenting material suggest that the sediment assemblage is a good reflection of phytoplankton composition (Sancetta and Calvert, 1988) . This study explores the long-term record of diatom abundance and species composition from laminated sediments in Saanich Inlet, British Columbia, on seasonal, annual and decadal time scales. Our primary objectives are to (i) expand our knowledge of the seasonal record from a few years to nearly one century, (ii) examine the interannual variability surrounding the seasonal pattern and (iii) relate the dynamics of the diatom population to changes in weather, climate and the environment of the surrounding watershed.
Method

Study area
Saanich Inlet is a temperate fjord located on Vancouver Island, British Columbia (Figure 1 ). Whereas a typical fjord has its main freshwater input from the head, Saanich Inlet gets more fresh water from the Cowichan River located 6 km outside its mouth, Shawnigan Creek outflow into Mill Bay, and also the Fraser River on the lower mainland of British Columbia (Figure 1 ). Run-off from the Cowichan River and Shawnigan Creek closely follows seasonal precipitation with the largest input in the winter, while the Fraser River's main discharge is during the June freshet (Herlinveaux, 1962) . Input from the Goldstream River at the fjord's head is small compared to these. As a result of freshwater inputs, the circulation in Saanich Inlet is the reverse of typical estuaries. Circulation in the inlet is weak, partially due to a sill which restricts the flow of water across the mouth of the inlet (Herlinveaux, 1962) . Bathymetry and weak circulation create a secondary halocline below sill depth that isolates the deep waters, and the chemical composition of these waters is greatly modified by biological processes. Dissolved oxygen is quickly depleted by respiration. Isolation and anoxia of bottom waters help preserve the structure of sedimenting material, resulting in distinct laminations.
The early spring diatom assemblage in Saanich Inlet is characterized by Minidiscus and Thalassiosira species including T.pacifica, T.eccentrica, T.gravida and T.nordenskioeldii. A small weakly silicified form of Skeletonema costatum may also be present at this time (Sancetta and Calvert, 1988) . This assemblage is replaced by Chaetoceros radicans, Sxostatum, and sometimes other Chaetoceros species in May and June (Sancetta and Calvert, 1988; Hobson and McQuoid, manuscript) . Autumn brings another suite of Chaetoceros species to abundance in the fjord, including Cconcavicornis, Cdebilis, Cdiadema, Cdidymus, Clorenzianus and C.vanheurkii (Sancetta and Calvert, 1988) . Ditylum brightwellii, Odontella longicruris and Rhizosolenia setigera are mostly restricted to late summer or fall. Lower numbers of diatoms are found in winter, primarily Minidiscus and several pennate taxa (Sancetta and Calvert, 1988) .
Previous studies of diatoms in Saanich Inlet sediments have employed both sediment traps (Sancetta and Calvert, 1988; Sancetta, 1989a) , which provided records of monthly changes over a few years, and piston and gravity cores (Gross et al, 1963; Gucluer and Gross, 1964) , which found that the light laminae contain primarily Chaetoceros and Skeletonema cells, while Paralia marina (formerly Melosira sulcata) forms the highest percentage of cells in the dark-colored laminae. Gucluer and Gross (1964) further suggest that the light laminae are deposited during peak phytoplankton production in spring and summer, and dark layers form during the remainder of the year.
Core collection and sampling
Sediment cores were obtained from Saanich Inlet using a freeze coring technique (Shapiro, 1958) modified by Crusius and Anderson (1991) . A rectangular aluminum tube 7.6 X 15.3 cm and 4.6 m long was filled with a slurry of dry ice and methanol. Three sides of the corer were insulated with closed-cell ensolite pads covered with fiber glass and the tapered bottom was filled with lead weights. The top of the device was equipped with a one-way release valve to permit gas escape. The corer was lowered into the sediments and left for 20 min. Nylon rope was used to lower and retrieve the device because its flexibility helps the corer maintain position while the ship may be drifting. Core A was taken on July 21,1993, on the MSSV 'John Strickland' at Station E, 48°38'31"N 123°30'00"W ( Figure 1 ). Core B was taken as a replicate at the same station on May 6, 1994. The cores were removed from the aluminum plate with spatulas, broken into pieces -30-50 cm in length, wrapped in plastic bags and then aluminum foil, and stored at -20°C. Cores were photographed whole and 3 cm wide pieces were X-radiographed on their side. Core A measured 128 cm long, while core B was 193 cm, extending almost 18 cm above and 48 cm below the ends of core A. X-radiographs of the two cores were correlated by matching prominent varve patterns and diatom species composition. Dates were assigned to the years by varve counting and confirmed with 137 Cs dating (McQuoid, 1995) .
Cleaning and counting
Samples were taken with a scalpel from the face of the core which did not touch the aluminum plate on the corer. While the cores were still partially frozen, cuts were made along the length of the laminae and an ~5 mm deep sample removed. Light layers were sampled as two halves, designated sp for the bottom part and su for the upper sample, and dark layers (f) were sampled whole ( Figure 2 ). Samples were dried at 70-80°C for 24 h, a time determined to be adequate for drying sediments to a constant weight (± 0.001 g) (McQuoid, 1995) . Samples were weighed and then cleaned using a solution of 0.6% (w/v) H 2 O 2 ,19.9% (v/v) acetic acid and 4% (w/v) sodium hexametaphosphate as described in Powys (1987) and McQuoid (1995) .
All laminae from core A were counted, except those in the first 3 cm which were too thin to sample and a layer that was destroyed which corresponded to 1968. Core B was counted from the top to a layer common to both cores and then at five other positions composed of several laminae each. It was hoped that this information could be used better to align the two cores and estimate replicability. Samples were concentrated in 10 ml settling chambers (McQuoid, 1995) and frustules counted with a Wild inverted biological microscope at 400X using phase contrast. Random fields were examined until at least 400 diatom valves and spores were counted, and a minimum of 30 fields were examined.
Canonical correspondence analysis
To explain the variation in diatom species abundances, core data were related to historical records of environmental parameters using canonical correspondence analysis (CCA). Historical records were obtained from the Institute of Ocean Sciences, Sidney, British Columbia, and included: sea surface temperature and salinity from lighthouse stations at Entrance Island and Race Rocks ( Figure 1) ; sea level from Victoria Harbour ( Figure 1) ; and the Pacific North American index (PNA), which is a measure of atmospheric variations relating to winter weather patterns around the Northeast Pacific. Environmental data were obtained as monthly averages and were further averaged into time periods matching the samples of the core (McQuoid, 1995) . Only diatoms of certain identity were used in the analysis, giving a total of 65 species. CANOCO version 3.1 (ter Braak, 1990) was used for both CCA and testing the significance of the first canonical axis via a Monte Carlo test with 99 unrestricted permutations.
CCA output can be most easily described by the first two ordination axes with the species plotted as points and the environmental parameters as vectors through the origin. One can interpret the axes using canonical coefficients, which define the axes as linear combinations of the environmental variables, and the intraset correlations, the correlation coefficients between the environmental variables and the axes. The relative signs and magnitudes of these parameters give information about the relative importance of each environmental variable for predicting species composition. These relationships can also be seen in the ordination diagram such that the most important variables have long vectors and are at low angles to the axis to which they are most correlated. Species points are plotted at their relative optima for each environmental variable and, thus, by drawing perpendicular lines from the species points to a vector one can determine the relative optima of each species. The mean value of each environmental variable lies at the origin and the vector can be extended in equal length on both sides, the side with the solid arrow being the high end of the gradient. The placement of the vectors with respect to each other shows the correlation of the environmental variables.
Eigenvalues and the fraction of variance explained summarize the overall significance of the ordination. High eigenvalues indicate wide environmental gradients that explain much of the species variation. The fraction of variance explained (Fr exp ) describes how well the chosen environmental variables explain the species variation. The goal here is not 100% because some variation is always due to noise in the data set, but the fraction explained can be quite high for ecological data.
Autocorrelation
The periodicity of Sxostatum data was estimated using the autocorrelation function of SPSS. This technique correlates the data set to itself at various lags, or years of displacement between the original data set and the displaced data set. Yearly averages of S.costatum abundances were used.
Results
Sediment varves and associated dates
Cores were laminated with alternating dark brown and lighter green layers of fine sediment, and smelled strongly of sulfide. The species composition of the laminae, which will be discussed in detail below, suggests that the bottom part of the light layer is the early spring deposition, the upper part of the light layer is the late spring and early summer deposition, and the dark layer is the late fall and winter deposition. Thus, 1 year is represented by a dark layer on top of a light layer (Figure 2 ). From 137 Cs dating and varve counting, the dates for the cores are determined as 1900-1988 for core A and 1864-1993 for core B. The X-radiographs showed that the light layers are actually composed of several sublayers ( Figure 2 ). However, these fine layers could not be accurately sampled. 
Taxon-specific patterns in Saanich Inlet sediments
Over 90 diatom species were enumerated from the sediments (McQuoid, 1995) . The most abundant species observed were Sxostatum, Cradicans, Thalassiosira gravida, Rhizosolenia sp. and Thalassionema nitzschioides. The variation in numbers of cells between the two cores was not significant for dominant species (Figure 3 ), but became more significant for rare species (McQuoid, 1995) . Several diatom genera and species showed a regular seasonal pattern of abundance in the core samples (Table I) . Thalassiosira species, Cdebilis, Cdiadema, Cdidymus and Gvanheurkii had higher abundances in the early spring layers. Chaetoceros radicans, Ccompressus, Sxostatum and T.nitzschioides had highest abundances in late spring/early summer. Coscinodiscus, Campyloneis and Cocconeis had high abundances in either early spring or late spring/early summer layers. Ditylum brightwellii was abundant in both summer and fall/winter layers, and Rhizosolenia sp. was found almost exclusively in the fall/winter samples. Paralia marina was present in nearly all samples and showed no consistent abundance in any one season. In addition to seasonal patterns, diatoms showed various interannual changes throughout the cores (Figure 3 ). Thalassiosira gravida and C.diadema were more abundant prior to the 1930s to 1940s. Rhizosolenia sp. was absent from all samples prior to 1940. Skeletonema costatum showed distinctive peaks and troughs of abundance which appeared to cycle with a periodicity of on average 5-7 years. When tested with autocorrelation, annual averages were significantly correlated at displacements of 1 and 4 years ( Figure 4 ). Significant correlations at 1 year lag are not uncommon and indicate that the population of each year influences the next year's population. The most distinctive peak periods were from the late 1800s-1908, 1911-1919, 1924, 1933-1939, 1948-1953, 1959-1969, 1974-1979 and 1984-1988 . The largest peaks of Sxostatum occurred in 1901, 1905, 1908, 1919, 1934, [1948] [1949] 1952, [1964] [1965] [1966] 1969, [1975] [1976] [1977] 1979, [1986] [1987] .
Relative positions of diatom taxa along environmental gradients
Environmental variables were correlated using CANOCO (Table II) . Race Rocks and Entrance Island temperatures had a high positive correlation, while Entrance Island temperature and salinity had a strong negative correlation. Entrance Island salinity was also negatively correlated to Race Rocks temperature. The importance of each of the canonical axes can be determined by eigenvalues, the fraction of variance explained and the species-environment correlations. Axis 1 had the highest and axis 4 the lowest values for all three parameters, except the species-environment correlation (Table III) . Values for interset correlations give the relative importance of each variable for each axis. Sea level had the largest contribution to the first axis, followed by salinity and temperature from Entrance Island (Table IV) . The second axis was dominated by Race Rocks salinity data and to a lesser extent the PNA index (Table IV) . The third axis was dominated by sea level and the PNA index, and the fourth axis was dominated by the two temperature data sets and the salinity from Race Rocks (Table IV) . The first axis was found to be statistically significant (P = 0.01). It is difficult to represent species relationships to four axes in one diagram. However, since the first axes explain most variation in the data, the majority of information can be represented by a plot of axes 1 and 2. Vectors of environmental variables were positioned relative to their correlations to each other and each axis ( Figure 5 ). Thus, Race Rocks and Entrance Island temperature vectors pointed in a similar direction, while Entrance Island salinity pointed the opposite way ( Figure 5 ).
These three parameters, along with sea level, defined the first axis and many species separated along this axis. By drawing perpendicular lines from the species points to the environmental vectors, the relative positions of the species along the gradient became clear. For example, Rhizosolenia sp. (63) 
Discussion
Diatom seasonal succession in Saanich Inlet
Frozen sediment cores from this study have characteristics common to other laminated sediments. Dark and light laminae (Figure 2 ) are similar in appearance to those previously described for Saanich Inlet (Gross et ai, 1963; Gucluer and Gross, 1964; Powys, 1987) . Some light-colored laminae contain several separate bands (Figure 2 ) similar to those described for other varved cores (Saarnisto et ai, 1977) , suggesting that there may be many individual blooms deposited within a season. As in our study, other researchers have found 'summer' diatoms, Thalassiosira, Skeletonema, Chaetoceros, more abundant in the light laminae and 'winter' species, Rhizosolenia, Ditylum and terrigenous material in dark layers (Gucluer and Gross, 1964; Donegan and Schrader, 1982) .
The sediment assemblage from Saanich Inlet reflects a highly productive system, which is common in British Columbian fjords (Roelfs, 1983) . Skeletonema costatum, in particular, is an indicator of high productivity (Donegan and Schrader, 1982) because it forms large blooms and is most commonly preserved in sediments with high accumulation rates. In Saanich Inlet cores, Sxostatum is found at maximum concentrations of 300 million cells per gram (Figure 3) . This is about the same as concentrations found in sediments under waters around Antarctica and in the Bering Sea, where concentrations vary between 227 and 442 and 100 and 150 million cells per gram, respectively (Jouse et al, 1971) .
Species bias of sedimented material may be introduced by dissolution of silica. Small cells of some taxa, such as Minidiscus and Cyclotella caspia, and weakly silicified species, like Chaetoceros vegetative cells, have been shown to be preferentially lost with depth in the water column (Sancetta, 1989b) , which explains why they are almost entirely absent from the sediments (McQuoid, 1995) . The silicon content of pore water deeper than 790 cm has indicated that the interstitial water in Saanich Inlet is probably saturated with respect to opal (Nissenbaum et al, 1972) . However, there remains a paucity of information on silica changes in the surface sediments of the inlet. The abundance of delicate Sxostatum cells at sediment depths reaching 1 m (Figure 3 ) also suggests that dissolution after burial is minimal. This species is considered highly sensitive to dissolution and is rarely mentioned in sediment studies (Schuette and Schrader, 1981; Roelfs, 1983 ) unless preservation quality is high.
Most marine laminae are thought to be formed by alternations in deposition between growing and non-growing seasons (Gucluer and Gross, 1964; Donegan and Schrader, 1982; Baumgartner, 1987; Powys, 1987) . The high-quality preservation of laminae during freeze coring in Saanich Inlet and the large thickness of the layers allowed the cores from this study to be sampled at a quasi-seasonal level. Seasonality of the laminae is indicated by diatom species composition (Table I) . Light layers contain biogenic matter deposited during the majority of the growing season, and dark layers are composed of fall and winter materials indicative of the non-growing season. Farr et al. (1990) found that even when laminations are faint and disrupted, seasonal signals from algal blooms are preserved. Since cells of several taxa bloom at a specific time of year, these organisms can further delineate the timing of sedimentation. In Saanich Inlet, Thalassiosira species are characteristic of the early spring bloom during March and April (Huntley and Hobson, 1978; Hobson, 1981; Sancetta and Calvert, 1988) and cells of this genus are most abundant in the bottom part of the light layer (Table I) . Rhizosolenia species usually bloom in the fall (Sancetta and Calvert, 1988) and their cells are found almost exclusively in dark layers (Table I) . It is reasonable then that the fossil cells in the top portion of the light layer were produced in late spring or summer, when S.costatum usually had its highest abundance (Table I) . Thus, the light laminae (Figure 2 ) may represent sedimentation from less than half a calendar year. This is consistent with observations made by Sancetta and Calvert (1988) that mass, opal and diatom valve flux in Saanich Inlet all showed a maximum from April to June.
The species composition of cells in the sediments is similar to that of phytoplankton from Saanich Inlet (Huntley and Hobson, 1978; Hobson, 1981) and other fjords in British Columbia (Roelfs, 1983) . Investigations of planktonic distributions and sedimenting populations of P.marina suggested that it should be most abundant in winter (Sancetta and Calvert, 1988; Lange et al, 1992) . However, in the sediments this species shows no regular seasonal peak (Table I) . Since P.marina is mainly a littoral species (Cupp, 1943) , cells from nearshore areas may be reworked and deposited farther into the inlet. Thus, if material coming from littoral areas is rich in P.marina, the seasonal signal of this species might be obscured.
Skeletonema costatum is commonly abundant in coastal areas throughout the growing season from April to November. It has been recorded in late spring and early summer blooms in Saanich Inlet (Huntley and Hobson, 1978; Sancetta and Calvert, 1988; Sancetta, 1990) and is most abundant in Saanich Inlet sediments at this time (Table I) . However, we have observed large amounts of Sxostatum in water samples from as early as February, an occurrence also seen in the Strait of Georgia by Parsons et al. (1969) . The apparent absence of Sxostatum from corresponding sediments may have a number of explanations. For example, late winter Sxostatum cells are smaller than those found in late spring and summer, and may not survive dissolution in the sediments. Alternately, the early bloom of this species may be rare or it may be grazed by herbivore activity before reaching the sediments. January blooms of Sxostatum in Narragansett Bay are known to be heavily grazed by the copepod, Acartia clausi (Smayda, 1973) . Furthermore, low temperatures in winter may keep the division rate of cells low, a limiting factor that disappears in summer, allowing larger cell numbers to accumulate. Differential sinking rates might affect the order in which cells of different species are deposited. Laboratory-determined sinking rates for Sxostatum range from 0.3 to 1.35 m day" 1 , while those for Rhizosolenia setigera range from 0.16 to 1.77 m day 1 (Smayda and Boleyn, 1966) . Resting spores of Chaetoceros can generally sink faster than vegetative cells, up to 7 m day 1 (Garrison, 1981) . However, the formation of aggregates can greatly enhance sinking rates, reaching 50-100 m day" 1 (Tiselius and Kuylenstierna, 1996) . Riebesell (1991) has found Sxostatum forming aggregates prior to other species in the water column, due to their long chains. Thus, Sxostatum populations have the potential to reach the sediments slowly as individual cells or quickly when enclosed in aggregates. This question of the effects of different sinking rates on the order of deposition in the sediments warrants further investigation because Sxostatum is an important contributor to the flux of organic carbon in the inlet (McQuoid, 1995) .
In the sediments, Rhizosolenia terminal processes have highest abundances in the dark layers (Table I) . Unfortunately, the Rhizosolenia found could not be identified to species by terminal process alone. Previous research suggests that R.setigera had high abundances during fall in Saanich Inlet and is represented only by terminal processes in sediment traps (Sancetta and Calvert, 1988; Sancetta et al., 1991) , and this may be the species that we observed. Sancetta et al. (1991) also saw a distinctive zone of rhizosolenid processes in each annual layer from other cores of Saanich Inlet sediments.
Chaetoceros species are generally most abundant in Saanich Inlet during spring and summer, and this has been observed in previous sediment records (Gucluer and Gross, 1964) . In the frozen cores, some Chaetoceros species have an obvious association with season. For example, C.debilis and C.didymus are found in spring samples, and Cxompressus is present mainly in summer sediments (Table I) . Chaetoceros debilis and C.didymus have been previously characterized as fall phytoplankton in Saanich Inlet (Sancetta and Calvert, 1988) , although this appears to be more common in the inner part of the fjord (Sancetta, 1989a) . Other records for the inlet show abundances of Cdidymus having a bimodal distribution, in May and August to September (McQuoid and Hobson, 1995) . Frustules of Cdidymus from the early bloom may be better preserved than those from the later bloom or perhaps accelerated sinking rates deposit these cells prior to the major summer flux. However, studies of sedimenting material showed a similar ordering of species in traps as that recorded in the phytoplankton (Sancetta, 1989a) . Another possibility is that lateral advection influences the sediment record for these species because they are abundant in Sidney Channel in late spring and early summer (Hobson and McQuoid, manuscript) . A detailed study of bloom size and the timing and influences of lateral advection is necessary to explain these results fully.
Thalassiosira species are most abundant in spring sediments (Table I) . Thalassiosira gravida has been described as a species restricted to spring (Sancetta and Calvert, 1988) . Thus, T.gravida makes a good seasonal marker in the sediments. While found in high abundance during spring, T.anguste-lineata, T.eccentrica, T.nordenskioeldii and T.pacifica have also been recorded in the plankton at other times of year (Sancetta and Calvert, 1988; Sancetta, 1990) .
Seasonal patterns and their relationships to environmental and biotic factors
Eigenvalues for the CCA axes are only moderately high (Table III) which indicates that the species and sample dates are not very widely dispersed on the CCA axes. However, small dispersion on ordination axes does not mean that actual species patterns are not informative. The first two axes explained 85% of the variance in the diatom data and species-environment correlations are moderately high (Table III) . Thus, it appears that much of the variance in the diatom data can be explained by data describing the available environmental factors.
Environmental optima of many species could be separated along the various environmental vectors ( Figure 5) ; however, several species are near the center of the biplot. This may be the result of a data set dominated by generalist species (Bakker et al., 1990; Dixit et al, 1991) or by species with optima near the means for all the environmental variables. The distribution of these species in the seasonal sediment samples (Table I) helps to determine the reason for their central location. Chaetoceros debilis and T.anguste-lineata might have their optima near the center of the distribution for each variable because these species are most abundant in spring samples when environmental factors are close to mean values. In contrast, C.radicans is probably indifferent to variations in the variables as this species is abundant in both spring and summer samples, spanning a large portion of the environmental gradients.
Seasonal variations in Saanich Inlet diatoms seem to be partly explained by temperature and salinity fluctuations. The salinity at Entrance Island is negatively correlated with temperature (Table II) , probably a result of its proximity to the Fraser River. Since the Fraser River has its maximal discharge during summer months (Herlinveaux, 1962) , salinities are generally low when temperatures are warm. Race Rocks salinity does not show such a seasonal pattern (McQuoid, 1995) , suggesting that the Fraser River is not a dominant influence near Race Rocks. Thus, Entrance Island salinity and temperature appear to be the better indicators of season for Saanich Inlet because the inlet is also influenced by Fraser River discharge (Herlinveaux, 1962) . Rhizosolenia sp., D.brightwellii and C.lorenzianus have high salinity and low temperature optima (Figure 5 ), which is in accordance with their maximum abundance in late summer and fall (Sancetta and Calvert, 1988) . Rhopalodia and Tabellaria show low salinity and high temperature optima (Figure 5 ), presumably because species from these genera are associated with brackish or freshwater environments (Round et al., 1990) .
Diatom optima are widely spread along the Entrance Island temperature vector ( Figure 5 and Table IV ) with most species on the low side of the gradient ( Figure 5 ). This is reasonable since diatoms are not often a dominant component of the phytoplankton in late summer when water temperatures are highest (Smayda, 1980) . Bakker et al. (1990) similarly showed that temperature was a strong component of the first CCA axis, in their study of a well-mixed estuary in the Netherlands, when optima separated along gradients indicative of spring and summer conditions. Karentz and Smayda (1984) also demonstrated that species in Narragansett Bay can be separated along seasonal gradients, corresponding to annual trends in sea surface temperature. These authors found that species that do not form spores tend to have higher temperature optima, but no similar pattern is apparent in our study. The best predictor of diatom abundance in Southern California was again sea surface temperature, followed by air temperature, wind stress and sea level (Tont, 1987) . So, it seems clear that temperature is important to the seasonal distribution of diatoms in many coastal systems.
In common with other studies, CCA was used to explore relationships between and among species and environmental factors, although mechanisms that allow species to respond to these environmental variables cannot be revealed by this analysis. Therefore, it is unclear whether temperature and salinity are directly involved in the processes driving species succession, or if they are just indicators of other influences. Long-term nutrient data were not available for use in this study. However, others have shown that temperature and nutrient concentrations are often correlated, and that their interaction may contribute significantly to seasonal phytoplankton patterns (Zentara and Kamykowski, 1977) . Another study of phytoplankton succession using CCA showed that the transition from spring to summer assemblages proceeds parallel to the main light-turbidity gradient, and that these variations in light explained both the seasonal and long-term trends (Bakker et al, 1990) .
Interannual variability of diatoms in Saanich Inlet 1900-1991
The Chaetoceros and Thalassiosira species that were more abundant prior to the 1930s and 1940s shift to lower concentrations in more recent years (Figure 3) . The exact cause of this shift is unknown; however, Powys (1987) documented changes in sediment mineralogy and a shift in sedimentation rate from 1.03 cm year" 1 in deeper sediments to 0.31 cm year 1 in more recent times in the inlet; changes which were interpreted as a decrease in productivity. The period of initial forest clearing on lower Vancouver Island occurred from 1900 to 1914 (Heusser, 1983) , and from 1900 to 1969 there was increasing disturbance of natural vegetation by expansion of logging, farming and urbanization (Heusser, 1983) . It is possible that a threshold level of land disturbance which affected the members of the diatom community of Saanich Inlet was not reached until the 1930s, and that several years were needed to establish a new level of steady state. These shifts may also be part of large-scale (50-100 years) cycling in population size, an area of continuing investigation.
One intriguing change in species composition is the appearance of Rhizosolenia sp. in the early 1940s (Figure 3 ). This result suggests that Rhizosolenia sp. may have been introduced to Saanich Inlet from other waters. Although it is impossible to determine the origin of this species with great certainty, a few possibilities are readily apparent. Rhizosolenia sp. may have been brought to the area with the importation of aquaculture species (Quayle, 1988) or transported in ships' ballast water (Hallegraeff and Bolch, 1992) . Both aquaculture and ship travel were increasing in British Columbia during the 1930s and 1940s. This marker has been instrumental in correlating subsequent cores from Saanich Inlet.
Skeletonema costatum was unique in its cyclic pattern of abundance (Figure 3 ), having a significant periodicity of ~4 years in addition to a one lag autocorrelation (Figure 4) . A 7-year cycle in toxicity records for dinoflagellates has been observed in coastal British Columbia and is thought to be associated with ENSO (Haigh et al., 1992) . Also, long-term studies of ocean properties in the Northeast Pacific Ocean have shown that the most common periods for interannual variability are 2.5 and 6-7 years (Tabata, 1989) , and changes in Saanich Inlet may operate on a similar time scale. Such interannual variation can be explained by the effects of Ekman pumping and the westward propagation of baroclinic Rossby waves often associated with ENSO teleconnections (Tabata, 1989) . The 4-year cycle of S.costatum falls between previous estimates of phytoplankton periodicity, but may also be related to ENSO phenomena as periods of high abundance only occur between warm cycles of ENSO.
Interannual variations and their relationships to environmental and biotic factors
Anomalous phytoplankton patterns are often seen during climatic events such as warm cycles of ENSO and other variations in weather. However, the mechanisms that translate climate change into phytoplankton anomalies are very poorly understood. There have been several reports of phytoplankton anomalies in the North Pacific Ocean. The 1982-83 ENSO was correlated to low diatom and silicoflagellate flux at Station Papa, although species composition was unchanged (Takahashi, 1987; Takahashi et al, 1989) . This was attributed to changes in the upper water column hydrography where the convective nutrient supply was limited. In Auke Bay, Alaska, 1986, unusual cloudiness and wind conditions corresponded to delay of the primary spring bloom by 1 week, whereas the normal interannual variation in the timing of this event is 1 day (Ziemann et al., 1991) .
Coastal areas of the Northeast Pacific Ocean have also been affected by climatic events. Ebbesmeyer et al. (1989) found a dynamic linkage between circulation in Puget Sound, Washington, and atmospheric low-pressure systems over the North Pacific Ocean at decadal periods. As the Aleutian low-pressure field shifts position, storms over the North Pacific Ocean deposit varying amounts of precipitation in the mountains that drain into Puget Sound. River run-off into the sound can change salinity structure, causing enhanced vertical stratification which can constrain circulation patterns. Similar changes in salinity for San Francisco Bay, California, have been linked to this climate system (Peterson et al., 1995) . In other regions of coastal California, variations in phytoplankton have been correlated to changes in wind velocity, water temperature, precipitation and river flow associated with ENSO cycles (Lehman and Smith, 1991) . The phytoplanktonic response to climate variation in coastal regions can be variable, but may include lower biomass and suppression of productivity (Chavez, 1996) , lower species diversity (Lehman and Smith, 1991) , or changes in the timing of blooms (Allen, 1936; Hitchcock and Smayda, 1977) and successional patterns (Lehman and Smith, 1991) .
ENSO years usually occur between the periods of high Sxostatum abundance. The only ENSO events concurrent with large Sxostatum peaks (1905,1919,1965, 1976 and 1987) are of medium strength or less (Quinn et al., 1987) . Thus, it is possible that teleconnections of ENSO have an impact on regions near the Northeast Pacific Ocean only if the primary event is strong. However, since the effects of ENSO may occur simultaneously with the event or up to 3 years after it (Takahashi et ai, 1989; Lehman and Smith, 1991) and events do not have a consistent signature in the Northern Hemisphere (Goldman et ai, 1989) , it is difficult to find actual cause and effect. A more appropriate comparison might be with the PNA index since one of its major components, the Aleutian low-pressure field, is closer to the Northeast Pacific Ocean than the primary event of ENSO and, furthermore, winter temperature in the North Pacific Ocean correlates strongly with the PNA index (Wallace et al., 1990) . The PNA index gives an indication of winter weather patterns that might affect phytoplankton in ways similar to ENSO. Positive PNA values are characterized by a deep Aleutian low-pressure zone resulting in greater rainfall, while a negative PNA corresponds to an anomalously weak Aleutian low-pressure zone and drier conditions (Wallace and Gutzler, 1981) . Teleconnections between the primary ENSO and extratropical latitudes may also include a deepening and southward displacement of the Aleutian low-pressure field during the Northern Hemisphere winter (Horel and Wallace, 1981) .
The S.costatum optimum is on the negative end of the PNA vector ( Figure 5 ), which suggests that this species is most abundant in cool water under brighter skies. Roden (1989) reported extended cold periods taken from Langara Island, British Columbia, from 1948 to 1956 and 1970 to 1976 , and warm periods from 1940 to 1945 and from 1977 . Skeletonema costatum shows high abundance in the cold years, but not in the warm ones, which was predicted by its PNA index optimum. The pattern observed for Sxostatum is especially remarkable because this species has such a widespread distribution, suggesting wide tolerance ranges for environmental conditions. Perhaps this cyclic phenomenon is limited to an especially responsive clone of this species or to changes in processes affecting sediment bias.
Other species separate along the PNA vector ( Figure 5 ). Several bottom and littoral species have optima near the high end of the PNA gradient ( Figure 5 ), including Melosira moniliformis, Licmophora spp., Surirella spp. and Actinoptychus senarius. These species are benthic and perhaps were washed into the plankton from the edges of the basin by increased rain run-off during winters with anomalously high PNA values. Other studies have found that benthic genera, such as Paralia and Raphoneis, are correlated with higher current velocities, probably due to resuspension of bottom waters and sediments containing these cells (Bakker et al., 1990) . Species characteristic of a lower PNA are mostly planktonic; however, two littoral species, A.splendens and Rhopalodia spp., are also on the low side of the PNA gradient ( Figure 5) . Furthermore, C.similis and C.lorenzianus have optima for high PNA, contrary to other planktonic species ( Figure 5 ). These four diatoms were rarely found in the core sediments, so determination of their optima is based on only a few data points, and therefore their placement must be viewed with some reservation.
Other work has suggested that climatic changes are best reflected in the abundance of major species such as C.debilis, D.brightwellii and Thalassiosira decipiens (Tont, 1987) . These species correspond to low temperature and salinity in Southern California, and may be indicators of cold ENSO events, or La Nina. Peaks of D.brightwellii in our cores did not show any consistent relationship to these events. However, the absence of Cdebilis during many warm ENSO years does indicate that this species is more successful in cooler water or the conditions associated with cool temperatures.
Results of the ordination analysis indicate that sea level is an important factor in explaining variation in diatom species data ( Figure 5 and Table IV) . Previous reports have used diatom species composition characteristic of various regions of the intertidal zone to infer past changes in sea level (Hemphill-Haley, 1995) . However, the relationship between planktonic diatoms and sea level is less well known. Ecosystems where diatoms have been correlated to changes in sea level are the upwelling regions along the west coasts of South America and Southern North America. When sea level is low along the coast, active upwelling transports nutrients to the euphotic zone and production is generally high, while reduced upwelling results in higher sea levels and lower nutrient concentrations, and hence production. In these coastal regions, fluctuations from low to high sea level can co-occur with shifts in phytoplankton species composition characteristic of warm water, such as Planktoniella sol and Coscinodiscus nodulifer (Baumgartner et al, 1985) . These species are probably introduced from tropical oceanic regions when upwelling is reduced. Thus, temperature may not be the causal factor, but rather an indication of change in upwelling, the primary cause of these variations (Tont, 1981) . ENSO has been shown to be the major phenomenon associated with the cessation of upwelling in these areas, but winds can also change sea level and upwelling in opposition to or reinforcement of ENSO sea level anomalies (Bakun, 1990; Peterson et al, 1995) .
The relationship between sea level and phytoplankton in the Northeast Pacific Ocean is probably similar. Few, if any, warm-water species are found in the Saanich Inlet record, so it is unlikely that tropical waters have invaded the inlet, at least during the past 100 years. However, sea levels in Victoria Harbour and throughout the coastal Northeast Pacific Ocean are often higher during ENSO events and lower when northerly winds create upwelling situations. Further, Chaetoceros spores are characteristic of areas of coastal upwelling (Schuette and Schrader, 1981; Goodman et al, 1984) and British Columbian fjords (Roelfs, 1983) , which are areas of high production.
Results from our study indicate that the seasonal succession of diatoms in Saanich Inlet correlates primarily to temperature and salinity variations. Interannual changes suggest that diatoms also respond to large-scale ocean-atmosphere phenomena, such as ENSO and sea level. While the correlation of certain diatom species to variations in sea level is intriguing, the complexities of these interactions are beyond the scope of this study. Several diatom species have variations in abundance that co-vary with climate and weather phenomena. However, it seems clear that these events do not always result in the same pattern of change. Furthermore, the mechanisms by which these species patterns change are still unknown.
